In the past few years, a great deal of attention has been devoted to hybrid lead halide semiconductors with perovskite crystal structure, generically described by the formula ABX 3 (where A is an organic or inorganic cation, B is a metal cation in the octahedral coordination state and X is a halogen anion). Such compounds exhibit outstanding optoelectronic properties in the form of thin films, microcrystals and bulk single-crystals. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] An alternative synthesis route, that is primarily based on ionic methathesis and does not involve polar solvents, was developed by our group for the synthesis of fully inorganic cesium lead halide NCs (CsPbX 3 where X = Cl, Br or I). 41, 42 Cesium oleate as the Cs + source is injected into a solution of PbX 2 in ODE containing long-chain capping ligands (an OAm/OA mixture). PbX 2 thus serves as both the Pb 2+ and X -source, releasing Pb-oleate as a by-product. In this communication, we extend this ionic metathesis approach to hybrid perovskites, by replacing Cs-oleate with methylamine. The proton needed to form CH 3 NH 3 + is then provided by OA, and the overall reaction is described as follows (see Electronic Supplementary Information, ESI, for experimental details; X=Br or I):
A 2M solution of methylamine (CH 3 NH 2 ) in tetrahydrofuran (THF) was combined with OA and injected into a vigorously stirring solution of PbX 2 in ODE / OAm / OA mixture, causing the formation of NCs within seconds. This synthesis allows for the preparation of uniform, phase-pure colloidal NCs, completely free of any insoluble or microscopic products, with high reaction yield (40-70%) and retention of chemical and colloidal integrity for at least three months. The same approach has not been successful in the case of CH 3 NH 3 PbCl 3 NCs. CH 3 NH 3 PbI 3 NCs. To achieve a high overall reaction yield, a minimal amount of the OAm/OA ligand mixture, just sufficient to solubilize PbI 2 , must be used. The CH 3 NH 2 precursor solution is injected at 55  C, immediately producing a stable, dark-brown colloid of cubic ~10 nm NCs. The UV-Vis absorption and photoluminescence (PL) spectra of CH 3 NH 3 PbI 3 NCs (Figure 1 ) exhibit an absorption band edge at ~750 nm, which is blue-shifted by 30-50 nm compared to the bulk material, 10 due to quantum-size effects originating from the large exciton Bohr radius. PL quantum yields are typically 20-30 %. Importantly, the powder X-ray diffraction (XRD) pattern can be indexed as pure tetragonal CH 3 NH 3 PbI 3 , with a line-width consistent with a mean particle size of ~10 nm (Figure 1c ). Higher reaction temperatures of up to 100 C lead to platelet-like CH 3 NH 3 PbI 3 NCs (see Figure S1 ). By varying the ratio of OAm to OA, various other shapes such as smaller dotlike NCs and nanowire morphologies can be produced, but with suboptimal shape-and phase-uniformity (see Figure S1 ). CH 3 NH 3 PbBr 3 NCs. PbBr 2 is observed to react slower, yet with nearly quantitative reaction yield. By adjusting the amount of OAm, this novel synthesis selectively yields either blue-emitting square nanoplatelet-like NCs (Figure 2a, b and e) or green-luminescent nanowires (Figure 2c, d and f) . The XRD patterns can be indexed as pure orthorhombic CH 3 NH 3 PbBr 3 . These 35+5 nm square-shaped nanoplatelets exhibit an absorption peak at ~450 nm and a single PL emission peak at 465 nm, with a quantum yield (QY) of 18% and a full width at half maximum (FWHM) of 19 nm. CH 3 NH 3 PbBr 3 nanowires (10100 nm) exhibit a narrow PL emission peak at 532 nm, with a QY of 15% and a FWHM of 22 nm. Bright emission is also retained in the solid state, as can be seen for thin films of nanoplatelets and nanwiress encapsulated between two plastic films and stored in air for several months (Figures 2e and f , taken under ultraviolet illumination, =365 nm).
The formation of layered lead bromide perovskites, closest analogues to our nanoplatelets, was a subject of numerous recent studies. 26, 28, 37, 46, 47, 48, 49, 32 In such structures, optical properties are largely determined by the quantum confinement caused by small thicknesses of just a few nanometers. XRD experiments confirm that that the individual colloidal nanoplatelets comprise perovskite CH 3 NH 3 PbBr 3 structure and, from TEM, they are ~5 nm in thickness. Right after synthesis, CH 3 NH 3 PbBr 3 nanoplatelets form stable colloidal solutions in toluene. TEM samples obtained from highly dilute samples illustrate separated, flat-lying platelets (see Figure 3) . Upon evaporation or simply by storing concentrated dispersions, a light-yellow precipitate of wire-like superlattices is formed by face-to-face stacking of nanoplatelets (see Figure 3 ). Oftentimes this self-organization involves the entire ensemble. We hypothesize that these superlattices are, in fact, analogues of Ruddlesden-Popper perovskite phases. Thin layers of CH 3 NH 3 PbBr 3 are separated by oleylammonium cations, leading to an overall superlattice composition of (oleyl-NH 3 ) 2 (CH 3 NH 3 ) n-1 Pb n Br 3n+1, where n is the number of unit cells in the perovskite-like slab whose limits correspond to a fully 3D lattice of CH 3 NH 3 PbBr 3 (at n=) and a single-layer 2D lattice of (oleyl-NH 3 ) 2 PbBr 4 (at n=1). XRD reflections at 2 values of 11.5 (d=7.68 Å) and 13.44 (d=6.58 Å) (Figure 2g ), both corresponding to distances larger than the unit cell (5.93 Å), indicate a superlattice spacing of ~54 Å, fully consistent with TEM data. Self-organization of CH 3 NH 3 PbBr 3 nanoplatelets: from individual platelets to the stacking into wire-like structures, followed by bunching of wire-like superlattices.
From the absorption peak position of ~450 nm, we estimate a value of n=3 based on previous studies of layered lead bromide perovskites. 27 conventional colloidal quantum dots of metal chalcogenides. 50 A comparison of CH 3 NH 3 PbX 3 NCs against CsPbX 3 NCs (as in our recent study 41 ) demonstrates a much lower stability of the former.
All characterization presented in this communication concerning CH 3 NH 3 PbX 3 NCs was conducted on rather "dirty" samples, as for example those precipitated from the crude solution and redispersed in toluene. Additional purification steps, conducted either in air or in inert-gas atmosphere, had always led to decomposition of the NCs. Non-purified samples, on the contrary, can maintain their bright PL for weeks or months after synthesis. Clearly, a large excess of capping ligands is required to maintain the chemical integrity of CH 3 Stimulated emission from CH 3 NH 3 PbBr 3 NCs. Upon pulsed excitation (400 nm, 100 fs), a low-threshold amplified spontaneous emission (ASE) is observed from a film of CH 3 NH 3 PbBr 3 NCs on a glass substrate (Figure 4) . The ASE band is spectrally different from the PL emission: it has a narrower bandwidth of 7-9 nm (compared to the PL FWHM of 20 nm), and is red-shifted by almost 20 nm with respect to the PL maximum, presumably owing to the bi-excitonic nature of the optical gain. 34 Figure S2 ). This can be explained by exciton-exciton interactions, leading to faster relaxation with increasing pumping fluency. For CH 3 NH 3 PbBr 3 nanowires, such behaviour is already seen in solution and may be explained by the co-existence of multiple excitons within the individual nanowire. In summary, in this report we describe a new solution-phase synthesis of highly-luminescent CH 3 NH 3 PbX 3 (X = Br and I) nanocrystals with cube, wire and platelet morphologies. We have shown that polar solvents such as DMF can be completely eliminated from the synthesis strategy, thus allowing the nucleation and growth to occur in a fully homogeneous medium. We observed self-organization of CH 3 NH 3 PbBr 3 nanoplatelets into wire-like superlattices. We also assessed lasing properties of CH 3 NH 3 PbBr 3 nanowires and observed low thresholds for ASE. On the practical side, we note that hybrid organic-inorganic perovskite nanostructures suffer from severe instability and cannot easily be isolated in a purified state without decomposition. Hence we suggest that future strategies on their synthesis and applications should focus on the development of surface passivation with multi-dentate ligands that do not desorb during purification or on their efficient encapsulation into polymer or inorganic matrices.
